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1
MULTI-CORE OPTICAL FIBER AND
METHOD OF OPTICAL TRANSMISSION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of PCT International
Application No. PCT/JP2012/050592 filed on Jan. 13, 2012,
which claims the benefit of priority from a prior Japanese
Patent Application No. 2011-195160 filed on Sep. 7, 2011.
The entire contents of the PCT international application and
the Japanese patent application are incorporated herein by
reference.

BACKGROUND OF THE INVENTION

1. Field of the Disclosure

The disclosure relates to a multi-core optical fiber and a
method of optical transmission.

2. Description of the Related Art

As one of techniques allowing large capacity transmission,
mode division multiplexing (MDM) transmission has
attracted attention (see Non Patent Literature 1: M. Salsietal.,
“Transmission at 2x100 Gb/s, over Two Modes of 40 km-long
Prototype Few-Mode Fiber, using LCOS based Mode Multi-
plexer and Demultiplexer,” OFC2011, PDPBY; for example).
This mode division multiplexing transmission is a technique
of'propagating a plurality of signal light beams respectively in
a plurality of different propagation modes of an optical fiber.
By this mode division multiplexing transmission, a transmis-
sion capacity per one optical fiber can be increased largely. In
conventional mode division multiplexing transmission, as an
optical fiber to be a transmission medium, a multi-mode
optical fiber having a plurality of higher-order propagation
modes is presumed to be used. Particularly, few-mode fibers
for which each transmission mode is easily controllable have
attracted attention. There is a possibility that interference
among signal light beams respectively propagating in their
modes during their propagation causes distortion of signal
light and thus deterioration in signal quality. By using a
multiple-input multiple-output (MIMO) technique utilized in
the wireless field, studies for ensuring signal quality have
been performed (see Non Patent Literature 1 and Non Patent
Literature 2: R. Ryfet al., “Space-division multiplexing over
10 km of three-mode fiber using coherent 6x6 MIMO pro-
cessing,” OFC2011, PDPB10; for example). This MIMO
technique utilized in the wireless field is a technique of trans-
mitting different independent signals on the same channel
from a plurality of transmission antennas at a transmitting
station end, receiving the signals by using a plurality of anten-
nas similarly at a receiving station end, obtaining a transfer
function matrix between each transmission antenna and the
receiving antennas, estimating the independent signal trans-
mitted from each antenna at the transmitting station end by
using the transfer function matrix, and reproducing data. In
optical fiber transmission also, by obtaining a transfer func-
tion matrix of an optical fiber to be a transmission medium
using training signals, independent signal light beams trans-
mitted from a transmitting station end is able to be estimated.

As means for also realizing large capacity transmission,
multi-core optical fibers each having a plurality of core por-
tions in one optical fiber have attracted attention. It is
expected that by propagating a different signal light beam in
each core portion of the multi-core optical fiber, large capac-
ity by space division multiplexing (SDM) transmission is
achievable. Recently, experimental results of space division
multiplexing transmission using multi-core optical fibers
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2

have started to be reported (see Non Patent Literature 3: B.
Zhu et al., “Space-, Wavelength-, Polarization-Division Mul-
tiplexed Transmission of 56-Th/s over a 76.8-km Seven-Core
Fiber,” OFC2011, PDPB7 and Non Patent Literature 4: B.
Zhu et al., “112-Tbh/s Space-division multiplexed DWDM
transmission with 14-b/s/Hz aggregate spectral efficiency
over a 76.8-km seven-core fiber,” 15 Aug. 2011/Vol. 19, No.
17/OPTICS EXPRESS pp. 16665-16671, for example).

To realize mode division multiplexing transmission, a plu-
rality of signal light beams need to be simultaneously input to
an optical fiber, which is a transmission medium, and coupled
to respective propagation modes. In a higher-order propaga-
tion mode, a field distribution of light is asymmetrical with
respect to a propagation axis of the optical fiber and hence, in
order to be effectively coupled to each propagation mode,
each signal light beam must be input with its input position at
a facet of the optical fiber being adjusted. As such input
means, a spatial coupling system or the like using a liquid-
crystal-on-silicon (LCOS) element (Non Patent Literature 1)
or a beam splitter element (Non Patent Literature 2) has been
proposed.

However, both of these elements require complex struc-
tures and precise adjustments. Further, in spatial coupling
systems, improving coupling efficiency or reduction in opti-
cal loss is difficult.

Accordingly, there is a need to provide a multi-core optical
fiber for mode division multiplexing transmission and a
method of optical transmission that do not require complex
structures or precise adjustments when a plurality of signal
light beams are input simultaneously and that are able to
reduce optical loss.

SUMMARY OF THE INVENTION

According to an embodiment of the present invention, a
multi-core optical fiber has: a plurality of core portions; a
cladding portion that is positioned around each of the plural-
ity of core portions and has a refractive index lower than that
of each of the plurality of core portions; and a separation
distance between adjacent ones of the plurality of core por-
tions being set so that crosstalk of light between the adjacent
core portions over an entire length thereof becomes —15 dB or
greater at a wavelength of 1550 nm and a cable cut-off wave-
length becomes 1530 nm or less.

According to another embodiment of the present invention,
amethod of optical transmission includes: using a supermode
of the multi-core optical fiber; and performing mode division
multiplexing transmission.

The above and other objects, features, advantages and tech-
nical and industrial significance of this invention will be
better understood by reading the following detailed descrip-
tion of presently preferred embodiment of the invention,
when considered in connection with the accompanying draw-
ings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of an optical transmission
system using a multi-core optical fiber according to an
embodiment;

FIG. 2 is aschematic cross-sectional view of the multi-core
optical fiber illustrated in FIG. 1;

FIG. 3 is a schematic diagram illustrating one example of
an optical fiber bundle;

FIG. 4 is a graph illustrating a relation between length of
the multi-core optical fiber and crosstalk when distance
between cores is changed;
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FIG. 5 is a table listing results of simulation for a relation
among core diameter, relative refractive-index difference A,
and the crosstalk;

FIG. 6 is a table listing results of simulation for distance
between cores at which crosstalk becomes 0 dB or -15 dB;

FIG. 7 is a table listing results of simulation for a relation
between core diameter and relative refractive-index differ-
ence A at which crosstalk becomes 0 dB or -15 dB;

FIG. 8 is a table listing results of simulation for a relation
between core diameter and relative refractive-index differ-
ence A at which crosstalk becomes 0 dB or -15 dB;

FIG. 9 is a diagram illustrating one example of field distri-
bution of light in a weak coupling type multi-core optical
fiber;

FIG. 10 is a graph illustrating one example of a relation
between distance between cores and incidence-end crosstalk
for a core portion positioned in the vicinity of a central axis of
the multi-core optical fiber illustrated in FIG. 2;

FIG. 11 is a table listing distances between cores, cladding
outer diameters, and coating outer diameters of multi-core
optical fibers of EXAMPLES 1 to 3 and a reference example;

FIG. 12 is a graph listing transmission losses, mode field
diameters (MFD), cable cut-off wavelengths, bending losses,
effective core areas, and incidence-end crosstalk of the multi-
core optical fibers of EXAMPLES 1 to 3 and the reference
example;

FIG. 13 is a graph illustrating transmission loss spectra of
the multi-core optical fibers of EXAMPLES 1 to 3;

FIG. 14 is a graph illustrating a relation between length and
crosstalk in each of the multi-core optical fibers of
EXAMPLES 1-1, 2-1 to 2-3, and 3-1 to 3-2.

FIG. 15 is a diagram illustrating a field pattern of the
multi-core optical fiber of EXAMPLE 2; and

FIG. 16 is a diagram illustrating a field pattern of the
multi-core optical fiber of EXAMPLE 3.

DETAILED DESCRIPTION OF THE INVENTION

A description will be made below in detail of embodiments
of'a multi-core optical fiber and a method of optical transmis-
sion according to the present invention, with reference to the
accompanying drawings. The present invention is not limited
by the embodiments. Further, in the present specification, a
cable cut-oftf wavelength means a cable cut-off wavelength
defined by ITU-T (International Telecommunication Union)
(.650.1 In addition, terms that are not particularly defined in
the present specification conform to definitions or measure-
ment methods in ITU-T G.650.1.

Embodiment

FIG. 1 is a schematic diagram of an optical transmission
system using a multi-core optical fiber according to an
embodiment. As illustrated in FIG. 1, an optical transmission
system 100 includes an optical transmitter 1, an optical con-
nector 2, a multi-core optical fiber 3, an optical connector 4,
and an optical receiver 5.

FIG. 2 is a schematic cross-sectional view of the multi-core
optical fiber illustrated in FIG. 1. As illustrated in FIG. 2, the
multi-core optical fiber 3 includes seven core portions 311 to
317, and a cladding portion 32 positioned around each of the
core portions 311 to 317.

The optical transmitter 1 includes seven signal light
sources each of which is, for example, a semiconductor laser
element, and outputs seven signal light beams S1. The optical
connector 2 is configured to couple the seven signal light
beams S1 into the seven core portions 311 to 317 of the
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4

multi-core optical fiber 3, respectively. The optical connector
2 may be constituted of a multi-core fiber connector formed
by bundling optical fibers, as disclosed, for example, in Non
Patent Literature 3 and 4.

FIG. 3 is a schematic diagram illustrating one example of
an optical fiber bundle that is the multi-core fiber connector
formed by bundling the optical fibers. As illustrated in FIG. 3,
an optical fiber bundle 20 has seven single mode optical fibers
21 having core portions 21a and a bundle portion 22 formed
by bundling and integrating these single mode optical fibers
21. On an end surface 22a of the bundle portion 22, the core
portions 21a of the single mode optical fibers 21 are arranged
in the same form as the core portions 311 to 317 so that the
core portions 21a of the single mode optical fibers 21 are
respectively coupled to the seven core portions 311 to 317 of
the multi-core optical fiber 3.

Both the core portions 311 to 317 and the cladding portion
32 of the multi-core optical fiber 3 are composed of silica
based glass. The core portion 311 is positioned in the vicinity
of'a central axis of the multi-core optical fiber 3, and the other
core portions 312 to 317 are arranged to be positioned
approximately at vertices of a regular hexagon having its
center of gravity at the core portion 311. Further, the cladding
portion 32 has a refractive index lower than that of each of the
core portions 311 to 317. For example, the core portions 311
to 317 are composed of silica based glass, to which germa-
nium (Ge) that is a dopant for increasing the refractive index
has been added. The cladding portion 32 is composed of pure
silica glass without a dopant for adjusting the refractive index.
A refractive index profile of the core portions 311 to 317 is,
for example, of a step index type, but may be of a W type,
W-seg type, or trench type, not being particularly limited
thereto. Further, a core diameter, a relative refractive-index
difference, or the like of each of the core portions 311 to 317
may be set like a standard single mode optical fiber specified
in I[TU-T G.652, for example. In addition, a coating may be
formed around the cladding portion 32.

Further, a cable cut-off wavelength of each of the core
portions 311 to 317 is preferably set to 1530 nm or less. By
setting the cable cut-oft wavelength to 1530 nm or less, when
a wavelength of input light is longer than 1530 nm, for
example, 1550 nm, it is possible to realize mode division
multiplexing transmission without multi-mode control, and
to achieve a simple configuration.

The optical connector 4 is configured to be able to sepa-
rately take out seven signal light beams S2 output from the
core portions 311 to 317 after the signal light beams S1 are
transmitted through the multi-core optical fiber 3. The optical
connector 4 may also be constituted of the multi-core fiber
connector like the optical connector 2.

The optical receiver 5 includes seven light receiving ele-
ments that receive the seven signal light beams S2 and convert
the signal light beams S2 into electrical signals and a signal
processing device that processes the electrical signals con-
verted by the light receiving elements.

Here, the core portions 311 to 317 of the multi-core optical
fiber 3, have a separation distance between the core portions
adjacent to each other (hereinafter, referred to as a distance
between cores) set so that light beams propagating there-
through interfere with each other. As a result, the seven signal
light beams S1 input to the multi-core optical fiber 3 propa-
gate in respective seven propagation modes of supermodes.

A supermode is a propagation mode that occurs by inter-
action of light beams propagating through different core por-
tions when a distance between the core portions is very small
in a multi-core optical fiber and is a particular mode that is not
able to be defined by a general mode (see Non Patent Litera-
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ture 5: 1. Michaille, et al., “Phase locking and supermode
selection in multicore photonic crystal fiber lasers with a large
doped area,” OPTICS LETTERS vol. 30, No. 13 (2005), pp.
1668-1670, for example). In a supermode in a multi-core
optical fiber, a field of light basically spreads over a plurality
of core portions around any one of the plurality of core por-
tions. Therefore, by the signal light beams S1 being respec-
tively input to the core portions 311 to 317 of the multi-core
optical fiber 3, the respective supermodes are able to be selec-
tively excited around the respective core portions. Further, the
signal light beam in each mode propagates more stably in the
multi-core optical fiber than for mode division multiplexing
transmission through conventional multi-mode optical fibers.

In this optical transmission system 100, a method of optical
transmission of performing mode division multiplexing
transmission of the signal light beams S1 in the supermodes is
carried out using the multi-core optical fiber 3. As the optical
connector 2 for coupling the signal light beams S1 with the
multi-core optical fiber 3, a conventional multi-core fiber
connector configured to couple the seven signal light beams
S1 to the seven core portions 311 to 317 of the multi-core
optical fiber 3 respectively, may be used. As such a multi-core
fiber connector, for example, a multi-core fiber connector
formed by bundling optical fibers may be used. That is, it is
unnecessary to use a spatial coupling system like the one used
in a mode division multiplexing transmission system using a
conventional multi-mode optical fiber, for coupling propaga-
tion modes in which a field distribution of light is asymmetri-
cal with respect to a propagation axis of the optical fiber.
Therefore, complicated structures and precise adjustments
are not necessary for the optical connector 2, and thus reduc-
tion in optical loss is facilitated. Further, the multi-core fiber
connector may also be used as the optical connector 4 for
taking out the signal light beams S2. Accordingly, the need is
eliminated for: an element that requires complicated struc-
tures and precise adjustments; and a spatial coupling system,
in which reduction of optical loss is difficult, which have been
required in coupling signal light beams to realize mode divi-
sion multiplexing transmission using conventional multi-
mode optical fibers.

Separation of the signal light beams S1 from the signal
light beams S2 and data reproduction may be performed, in
the signal processing device, by a MIMO technique using the
transfer function matrix of the multi-core optical fiber 3.

Next, characteristics of the multi-core optical fiber 3 for
realizing mode division multiplexing transmission using
supermodes are explained. Crosstalk of light (hereinafter,
simply referred to as crosstalk) among the core portions 311
to 317 is explained. When light is incident on a core portion
(the center core portion 311, for example) from one end of a
multi-core optical fiber, the crosstalk is obtainable from the
following expression (1), where power of light emitted from
the core portion 311 at the other end thereof is PO [mW], and
power of light emitted from the other core portion (the outer
core portion 312, for example) is P1 [mW]. For a sufficiently
long multi-core optical fiber, which has a length of approxi-
mately 100 meters or longer, a theoretical maximum value of
crosstalk is 0 dB.

10xlog(P1/P0) [dB] (6]

Although a supermode occurs even if crosstalk is small
(that is, a distance between cores is large), the number of core
portions with respect to a cross-sectional area of the multi-
core optical fiber 3 becomes small. Accordingly, the space
utilization efficiency is lowered, and the effect of applying the
mode division multiplexing transmission technique becomes
small. Therefore, crosstalk over the entire length of the multi-
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core optical fiber 3 is preferably —15 dB or greater so that the
space utilization efficiency becomes higher. In the multi-core
optical fiber, when space division multiplexing transmission
is performed without using supermodes, it is necessary to
suppress the interference of signal light beams among the
core portions and hence, the crosstalk is preferably -30 dB or
less. To achieve this, it is necessary to increase the distance
between cores, and thus the space utilization efficiency
becomes lower.

The larger the crosstalk is, the larger the interference
between the signal light beams becomes. Therefore, in each
of'the signal light beams S2 output from the core portions 311
to 317, a degree of mixing of plural signal light beams
becomes large. In order to separate each of the signal light
beams S1 from each of the signal light beams S2 in a state
where the plural signal light beams are mixed by the MIMO
technique, the crosstalk over the entire length of the multi-
core optical fiber 3 is preferably less than O dB.

Next, setting of the distance between cores for realizing the
above-mentioned preferable crosstalk is explained. FIG. 4 is
a graph illustrating relations between length of the multi-core
optical fiber and crosstalk when the distance between cores is
changed. The crosstalk indicates a value at a wavelength of
1550 nm. The structure of the multi-core optical fiber is
illustrated in FIG. 2. A refractive index profile of the core
portion is of a step index type, a diameter of the core portion
(core diameter) is set to 8.6 and a relative refractive-index
difference A of the core portion relative to the cladding por-
tion is set to 0.34%. Further, the core portions are set to have
their distances between cores equal to each other.

As illustrated in FIG. 4, crosstalk becomes larger along
with increase in length of the multi-core optical fiber. Further,
the crosstalk becomes smaller along with increase in the
distance between cores. A transmission distance assumed in
the optical transmission system is generally in the range from
100 meters to 100 km. Therefore, the refractive index profile
of the core portion and the distance between cores are pref-
erably set so that, over the length of the multi-core optical
fiber corresponding to the assumed transmission distance, the
crosstalk becomes -15 dB or greater, and more preferably
less than 0 dB.

Next, relations among the core diameter, the relative
refractive-index difference A of the core portion relative to the
cladding portion, and the crosstalk in the multi-core optical
fiber of a structure having seven core portions as illustrated in
FIG. 2 were found by a simulation. FIG. 5 is a table listing
results of the simulation. In each of calculation samples No. 1
to No. 22, the core diameters of the respective core portions
and their relative refractive-index differences A are the same.
For example, in the calculation sample No. 1, each of the
seven core portions has a core diameter of 5 um and a relative
refractive-index difference A of 0.45%. Symbols “neft” and
“Aeff” denote an effective refractive index at a wavelength of
1550 nm and an effective core area, respectively. A symbol
“hcc” denotes the cable cut-off wavelength. Further, the dis-
tance between cores is set to 25 um, 30 pum, or 35 um. In
addition, the crosstalk indicates a value at a wavelength of
1550 nm where the length of the multi-core optical fiber
(corresponding to the transmission distance) is in the range
from 100 meters to 100 km. The crosstalk indicates a value at
abending diameter of 280 mm. As illustrated in FIG. 5, in all
the calculation samples, the cable cut-off wavelength satisfies
a value of 1530 nm or less.

FIG. 6 is a table listing results obtained by simulation for
the distance between cores at which the crosstalk becomes 0
dB or -15 dB at the core diameter and the relative refractive-
index difference A of each calculation sample. The crosstalk
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indicates a value at a wavelength of 1550 nm. In the range
between the distances between cores illustrated in FIG. 6, itis
possible to achieve the preferable crosstalk of —15 dB or
greater and less than 0 dB. For example, when the length is
100 meters in the calculation sample No. 1, the distance
between cores is preferably 39.1 pum or less and greater than
32.7 um. In particular, the distance between cores is prefer-
ably equal to or less than 35 um to increase the space utiliza-
tion efficiency.

Next, FIGS. 7 and 8 are tables listing results of simulation
for a relation between the core diameter and the relative
refractive-index difference A for which the crosstalk becomes
0 dB or -15 dB at a distance between cores of 25 um, 30 pm,
or 35 um. The crosstalk indicates a value at a wavelength of
1550 nm. In FIGS. 7 and 8, hatched samples have a cable
cut-oft wavelength greater than 1530 nm, and the other
samples satisfy a cable cut-off wavelength of 1530 nm or less.
In FIGS. 7 and 8, in the range between the relative refractive-
index differences for which the crosstalk becomes 0 dB and
-15 dB, the crosstalk becomes —15 dB or greater and less than
0 dB. For example, when the core diameter is 5 um and the
length is 10 km, the relative refractive-index difference A is
preferably equal to or less than 0.88% and greater than 0.79%.

From these results, in the range of the transmission dis-
tance from 100 meters to 100 km, to satisfy a crosstalk of =15
dB or greater and less than 0 dB and a cable cut-off wave-
length of 1530 nm or less, a core diameteris in arange of 5 um
or greater and less than 13 um, a relative refractive-index
difference is in a range of greater than 0.16% and equal to or
less than 0.93%, and a distance between cores is in a range of
25 um or greater and 35 um or less. However, when the
transmission distance is, for example, as long as 100 km, it is
possible to achieve the crosstalk of =15 dB or greater at a
distance between cores of 56 um or less (55.1 pum, for
example).

In order to achieve Aeff of a sufficient value, for example,
of 40 um? or greater to prevent an increase in bending loss
(neff is 1.4450 or greater and a value corresponding to
approximately less than 100 dB/m when converted to bending
loss upon bending at a diameter of 20 mm), the core diameter
is preferably set to 5 um or greater.

Further, the core diameter is more preferably less than 13
um in order to set the crosstalk in the range of —15 dB or
greater to less than 0 dB at a cable cut-off wavelength of 1530
nm or less.

In the multi-core optical fiber, by setting the crosstalk of
light between the core portions to —15 dB or greater and equal
to or less than a predetermined value, the supermode, in
which light input to a predetermined core portion is localized
and propagated in that input core portion, is excited. Such a
multi-core optical fiber has characteristics intermediate
between: a strong coupling type multi-core optical fiber, in
which the crosstalk of light between the core portions is large
and the light propagated in each core portion is strongly
coupled; and a non-coupling type multi-core optical fiber, in
which the crosstalk of light between the core portions is, for
example, —30 dB or less, and thus is hereinafter referred to as
aweak coupling type multi-core optical fiber. By such a weak
coupling type multi-core optical fiber, a multi-core optical
fiber is able to be realized, which receives the benefits of
improvement in spatial multiplicity and has a high identifi-
ability in identifying each optical signal without adjusting a
phase between optical signals input to the respective core
portions.

FIG. 9 is a view illustrating one example of a field distri-
bution of light in the weak coupling type multi-core optical
fiber. FIG. 9 illustrates the core portions 311, 313, and 316
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arranged linearly in the multi-core optical fiber 3 illustrated in
FIG. 2 as one example of the weak coupling type multi-core
optical fiber. As illustrated in FIG. 9, a field SP1 of a light
beam input to the core portion 311 is localized in that core
portion 311, slightly distributed in the other core portions 313
and 316 also, and propagates in a supermode. Similarly, fields
SP2 and SP3 of respective light beams input to the core
portions 313 and 316 are also localized in the core portions
313 and 316 respectively, slightly distributed in the other core
portions, and propagate in supermodes. Accordingly, if the
field of each light beam propagates in the supermode so as to
be localized in that core portion to which it has been input,
identifiability in identifying each optical signal becomes high
without adjustment of a phase between optical signals input
to respective core portions.

This state of a field of a light beam being localized in a core
portion to which the light field has been input is not limited to
a case where the field of the light beam exists only in that core
portion. In the present specification, if a light beam is input to
a specific core portion, when a reciprocal (Np1/p0) of a ratio
of, at an incidence end, an intensity (p0) of light of the input
light beam, the light being localized in that specific core
portion and coupled to a specific supermode, to a sum (Npl
when the number of the other core portions is N) of intensities
oflight of light beams, the light being coupled to that specific
supermode, the light beams having been input to the other
core portions positioned around the specific core portion, is
equal to or less than a predetermined value, the field of the
light beam is defined as being localized in the core portion to
which the light beam has been input. This reciprocal may be
expressed in decibels as in the following expression (2). Here-
inafter, the expression (2) is referred to as incidence-end
crosstalk.

10xlog(Np1/p0) [dB] ()]

In the multi-core optical fiber 3 illustrated in FIG. 2, the
core portion 311 positioned in the vicinity of the central axis
has six core portions 312 to 317 around the core portion 311.
Accordingly, considering a case where equal-intensity light
beams input to the respective core portions 312 to 317 are
coupled to the specific supermode localized in the core por-
tion 311, N is six at most. Similarly, N is three at most for the
other core portions 312 to 317. Hereinafter, assuming N to be
six, characteristics of incidence-end crosstalk will be
explained with respect to the core portion 311. If incidence-
end crosstalk for the maximum N is of an appropriate value,
it is evident that incidence-end crosstalk for N equal to or less
than that would be of a value less than this appropriate value
and thus would also be appropriate.

FIG. 10 is a graph illustrating one example of a relation
between distance between cores and incidence-end crosstalk
for a core portion 311 positioned in the vicinity of the central
axis of the multi-core optical fiber 3 illustrated in FIG. 2.
Calculations were performed assuming that each of the core
portions 311 to 317 had a core diameter of 8.6 um and a
relative refractive-index difference A of 0.35%. In the
example illustrated in FIG. 10, when the distance between
cores is in the range from 20 to 25 um, the incidence-end
crosstalk is approximately constant at —-4.3 dB. However,
when the distance between cores becomes 30 pm, the inci-
dence-end crosstalk is decreased to —-4.9 dB and a specific
supermode starts to be localized in the core portion 311.
When the distance between cores is equal to or greater than 30
um, it is considered that an extent of localization is intensified
along with the increase in the distance between cores
whereby the incidence-end crosstalk is decreased. As
described, when the incidence-end crosstalk is decreased
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from a constant value by about —0.6 dB along with the
increase in the distance between cores, it is considered that a
specific supermode starts to be localized in a core portion and
identifiability of an optical signal is enhanced.

Examples 1 to 3

As EXAMPLES 1 to 3 of the present invention and a
reference example, multi-core optical fibers each configured
to have seven core portions as illustrated in FIG. 2 and having
a core diameter of 8.6 um and a relative refractive-index
difference A of the core portion relative to a cladding portion
0t 0.34% were manufactured. A coating was formed around
the cladding portion of each multi-core optical fiber.

FIG. 11 is a table listing a distance between cores, a clad-
ding outer diameter, and a coating outer diameter of each of
the multi-core optical fibers of EXAMPLES 1 to 3 and the
reference example. Each of the multi-core optical fibers has
the cladding outer diameter of equal to or less than 200 um,
and the coating outer diameter of equal to or less than 350 pm.
As illustrated in FIG. 8, in EXAMPLES 1 to 3, the distances
between cores are 25 um, 30 um, and 35 pm, respectively. In
the reference example, the distance between cores is 20 um.

FIG. 12 is a table listing a transmission loss with respect to
a center core portion, a mode field diameter (MFD), a cable
cut-oft wavelength, a bending loss, an effective core area
(Aef}), and incidence-end crosstalk for each of the multi-core
optical fibers of EXAMPLES 1 to 3 and the reference
example. Here, in FIG. 12, each of the transmission loss, the
MDF, the bending loss, the Aeff, and the incidence-end
crosstalk is of a value at a wavelength of 1550 nm. These
values of incidence-end crosstalk were re-simulation-calcu-
lated from structural parameters (the core diameter, the rela-
tive refractive index, and the distance between cores) of each
of'the manufactured multi-core optical fibers of EXAMPLES
1 to 3 and the reference example. Every value listed for
EXAMPLES 1 to 3 in FIG. 12 was of a favorable value
estimated from designing of that multi-core optical fiber. The
characteristics listed in FIG. 12 with respect to the other core
portions were similar to those of the center core portion in
each EXAMPLE. Further, the incidence-end crosstalk was,
similarly to the results of FIG. 10, constant for 20 um or 25
um, and decreased from the constant value for 30 um or
greater. The MFD, the Aeff, and the cable cut-off wavelength
of the multi-core optical fiber of the reference example were
not measurable since the distance between cores was small
and the interaction of light beams was large.

FIG. 13 is a graph illustrating transmission loss spectra
with respect to the center core portions in the multi-core
optical fibers of EXAMPLES 1 to 3. As illustrated in FIG. 13,
the transmission loss spectrum in each of the multi-core opti-
cal fibers of EXAMPLES 1 to 3 was 0.6 dB/km or less in a
wavelength range of 1530 nm to 1625 nm, which is most
frequently used in optical fiber communications, and demon-
strated flat characteristics having small wavelength-depen-
dence.

Next, the multi-core optical fibers of EXAMPLES 1to 3 of
various lengths were wrapped around bobbins having differ-
ent diameters to measure crosstalk of each multi-core optical
fiber. This crosstalk was obtained from the above-mentioned
expression (1), where, when a light beam was input to the
center core portion from one end of each multi-core optical
fiber, PO [mW] was a power of the light beam emitted from the
center core portion at the other end, and P1 [mW] was an
average value of powers of light beams emitted from the other
outer siX core portions.
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FIG. 14 is a graph illustrating a relation between the length
and the crosstalk of each of the multi-core optical fibers of
EXAMPLES 1-1, 2-1to 2-3, and 3-1 to 3-2. This crosstalk is
of a value at the wavelength of 1550 nm. EXAMPLE 1-1 is
the multi-core optical fiber of EXAMPLE 1 wrapped around
abobbin of adiameter of 280 mm. EXAMPLES 2-1to 2-3 are
the multi-core optical fibers of EXAMPLE 2 wrapped around
bobbins having diameters of 280 mm, 160 mm, and 60 mm,
respectively. EXAMPLES 3-1 and 3-2 are the multi-core
optical fibers of EXAMPLE 3 wrapped around bobbins hav-
ing diameters of 280 mm and 160 mm, respectively. By being
wrapped around the bobbin of the above-mentioned diameter,
each multi-core optical fiber is in a state where a wrapping
diameter (bending diameter) thereof is the diameter of that
bobbin. For example, when a multi-core optical fiber is
wrapped around a bobbin of a diameter of 280 mm, a bending
diameter of that multi-core optical fiber is 280 mm.

As illustrated in FIG. 14, in the multi-core optical fiber of
each EXAMPLE having the distances between cores in the
range from 25 pum to 35 um, it was confirmed that by setting
the length thereof as appropriate, preferable crosstalk of =15
dB or greater and crosstalk of less than 0 dB were obtained.
Further, in EXAMPLES 1-1 and 2-1 to 2-3 having the dis-
tances between cores in the range from 25 pm to 30 pm, it was
confirmed that the range of length of the multi-core optical
fiber for which a crosstalk of —15 dB or greater was able to be
obtained was wider and thus more preferable. Further, shapes
of the curbs illustrating the relations between the length and
the crosstalk did not change largely even when the bending
diameters of the multi-core optical fibers were changed.

Next, near-field patterns when light beams were incident
on the center core portions of the multi-core optical fibers of
EXAMPLES 1 to 3 and the reference example were mea-
sured. In order to determine an excitation state at an incidence
end, a length of each multi-core optical fiber was set to two
meters for the measurement. As a result, it was confirmed that
the multi-core optical fibers of the reference example and
EXAMPLE 1 each had a field distribution extending over a
plurality of core portions already from its incidence end, and
thus was undesirable for selective excitation of supermode.

FIGS. 15 and 16 are diagrams illustrating field patterns in
the multi-core optical fibers of EXAMPLES 2 and 3, respec-
tively. As illustrated in FIG. 15, although the multi-core opti-
cal fiber of EXAMPLE 2 had a field distribution extending
over aplurality of core portions, localization of the field in the
center core portion was enhanced, and selective excitation of
supermode was confirmed to be possible. Further, as illus-
trated in FIG. 16, in the multi-core optical fiber of EXAMPLE
3, the localization of the field in the center core portion was
more enhanced, and greater suitability for the selective exci-
tation of supermode was confirmed.

With respect to the multi-core optical fibers of
EXAMPLES 1 to 3 and the reference example, the field
distributions of light when the light was incident on the outer
core portions were determined. As a result, similarly to the
case where light was caused to be incident on the center core
portion, with respect to the outer core portions also: the selec-
tive excitation of supermode was confirmed to be possible in
the multi-core optical fiber of EXAMPLE 2; and the multi-
core optical fiber of EXAMPLE 3 was confirmed to be more
suitable for the selective excitation of supermode.

Although in the above embodiment, the number of the core
portions is seven, the present invention is not limited thereto,
and is applicable to a multi-core optical fiber having three or
more core portions, for example. Further, although in the
above embodiment, the crosstalk is of values at the wave-
length of 1550 nm, the present invention is not limited thereto
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and is applicable to a multi-core optical fiber having a
crosstalk of =15 dB or greater at a wavelength of light that is
input (1530 nm to 1625 nm, which is the wavelength range
used in optical fiber communications, for example).

According to an embodiment of the present invention,
because mode division multiplexing transmission is possible
using supermodes, a multi-core optical fiber and a method of
optical transmission for the mode division multiplexing
transmission are able to be realized, which do not require
complex structures and precise adjustments and are able to
reduce optical loss when a plurality of signal light beams are
input simultaneously.

The present invention is not limited by the above-men-
tioned embodiment. The present invention also includes con-
figurations obtained by combining any of the above-men-
tioned components as appropriate. In addition, additional
effects and modifications can easily be derived by those
skilled in the art. Therefore, wider aspects of the present
invention are not limited to the above-mentioned embodi-
ment, and various modifications are possible.

What is claimed is:

1. A method of optical transmission, comprising:

performing mode division multiplexing transmission using

a supermode of a multi-core optical fiber, the multi-core
optical fiber comprising:

a plurality of core portions; and

a cladding portion that is positioned around each of the

plurality of core portions and has a refractive index
lower than that of each of the plurality of core portions,
wherein
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the multi-core optical fiber is configured so that

a separation distance between adjacent ones of the plurality
of core portions is 25 pum to 56 pm,

crosstalk of light between the adjacent core portions over
an entire length in use in performing the mode division
multiplexing transmission using a supermode of the
multi-core optical fiber selected from equal to or greater
than 100 m to equal to or less than 100 km becomes —15
dB or greater and less than O dB at a wavelength of 1550
nm,

a core diameter of each of the plurality of core portions is
equal to or greater than 5 um and less than 13 pm,

a relative refractive-index difference of each of the plural-
ity of core portions relative to the cladding portion is
greater than 0.16% and equal to or less than 0.93%,

a cable cut-off wavelength becomes 1530 nm or less, and,

the mode division multiplexing transmission is performed
by using the supermode so that a field of light input to
any one of the plurality of core portions of the multi-core
optical fiber propagates while being localized in that
core portion.

2. The method of optical transmission according to claim 1,

wherein the separation distance is 25 um to 35 pum.

3. The method of optical transmission according claim 2,

wherein the separation distance is equal to or less than 30 um.

4. The method of optical transmission according to claim 1,

wherein the separation distance is 30 um to 56 pum.
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